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Abstract
Recently, the XENON1T collaboration reported an excess in the electron recoil energy
spectrum. One of the simplest new physics interpretation is a new neutrino-electron interaction
mediated by a light vector particle. However, for the parameter region favored by this excess,
the constraints from the stellar cooling are severe. Still, there are astrophysical uncertainties
on those constraints. In this paper, we discuss the constraint on the light mediator from the
effective number of neutrino Neff in the CMB era, which provides an independent constraint.
We show that Neff is significantly enhanced and exceeds the current constraint in the parameter
region favored for the XENON1T excess. As a result, the interpretation by a light mediator
heavier than about 1 eV is excluded by the Neff constraint.
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1 Introduction
The XENON1T experiment has recently reported an excess in the electron recoil energy spectrum
above the known expected background spectrum [1]. Although the XENON1T experiment has not
excluded unknown backgrounds, such as the β-decay of the tritium, the report is intriguing and has
prompted many new physics interpretations.
Among various new physics, one of the simplest possibilities is to introduce non-standard neutrino-
electron interactions so that the solar neutrino flux explains the excess [1–7]. For example, the
XENON1T has discussed the sizable neutrino magnetic moment as a candidate for such a non-
standard interaction. However, the best fit value is in tension with constraints from the white dwarfs
and the globular clusters [8]. Refs. [2–7] have discussed new neutrino-electron interactions mediated
by a light mediator, where the mediator with a mass below O(100) keV and the neutrino-electron
coupling, (gegν)
1/2 ∼ 3 × 10−7 explains the excess. The effects on the stellar cooling severely con-
strain the coupling constant of the light mediator [9–14]. However, those astrophysical constraints
are still under debate as there are several uncertainties in the case of the mediator heavier than
1 eV [11, 15]. For example, a new mediator produced inside the astronomical objects is reabsorbed
before exiting the objects in the case of a large coupling to electron, which weakens the constraints.
In this paper, we discuss a new constraint on the light mediator from the effective number of
neutrino degrees of freedom, Neff , measured by the cosmic microwave background (CMB) observa-
tions. In the standard cosmology, it is predicted that N
(SM)
eff ' 3.045 [16, 17], which is consistent
with the current CMB measurement. The introduction of new physics alters the Neff prediction,
which provides a constraint independent from the astrophysical constraints. As the light mediator
interpretation of the XENON1T excess requires a particle lighter than O(100) keV, the mediator
mainly decays into the neutrinos. As we will see, the presence of the mediator significantly enhances
Neff even for a very tiny coupling g ∼ 10−10. The parameter region favored for the XENON1T excess
results in Neff > 5 for mZ′ ≥ 1 eV, which exceeds the upper limit of the Planck CMB only (joint
Planck+BAO) constraint, Neff = 2.92
+0.36
−0.37 (2.99
+0.34
−0.33) at 95% C.L. [18].
The organization of the paper is as follows. In Sec. 2, we explain the setup of the phenomenological
model for the light mediator interpretation of the XENON1T excess. In Sec. 3, we show the full
Boltzmann equation of the momentum distribution of the light mediator. In Sec. 4, we obtain the
constraints on the neutrino and the electron coupling of the light mediator. The final section is
devoted to our conclusions.
2 Setup
As a phenomenological setup, we consider a light vector boson which couples to the neutrinos νi and
the charged leptons ψi,
LZ′ = gijν Z ′µν†L,iσ¯µνL,j + g`Z ′µψ¯`γµψ` , (1)
1
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(d) neutrino annihilationFigure 1: The Feynman diagrams relevant for the Z ′ production.where i, j, ` = e, µ, τ . The new vector mediator Z ′ has a mass mZ′ . Hereafter, we assume that themediator is lighter than an electron-positron pair, mZ′ < 2me, which is favored by the XENON1Texcess [2]. Accordingly, the decay into the e± is kinematically forbidden.As the left-handed charged leptons and the neutrinos are in the same multiplets in the StandardModel, simple introduction of a new U(1) gauge interaction tends to predict gν = g`. It is, however,possible to achieve gν  g` in, for example, the U(1)Lµ−Lτ gauge symmetry [19, 20]. In this case,gν corresponds to the U(1)Lµ−Lτ gauge coupling, while ge is provided through the gauge kineticmixing between the U(1)Lµ−Lτ gauge boson and the photon. In the following, we take gν and geto be independent free parameters. We also assume that the mediator couples to one flavor of theneutrinos. Since the neutrino oscillation is fast enough for T < O(1) MeV, the choice of the neutrinoflavor is irrelevant for the following arguments.Now, let us discuss cosmology of the mediator at the temperature below O(10) MeV, which iscrucial for the determination of Neff . In this setup, the mediators are produced from the thermalbath through, e− + e+ ↔ γ + Z ′, e± + γ ↔ e± + Z ′, ν + ν ↔ Z ′, and ν + ν ↔ Z ′ + Z ′ (see Fig. 1).These production processes are relatively enhanced compared to the Hubble expansion rate as thetemperature decreases. Hence, the mediator is produced at the lower temperature even if it hasthe zero initial abundance after inflation. In our analysis, we adopt this “freeze-in” scenario, whichleads to the most conservative constraint.In order to comprehend the overview of the cosmology, let us estimate the temperature at which
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the production processes become effective. For the electron annihilation or scattering production, if
Γe−e+→γZ′(T ) ∼ g2eg2QEDT & H(T ) , (2)
that is,
T . g2eg2QEDMPl , (3)
these processes are effective. Here, MPl is the reduced Planck scale. Thus, the production from the
γ-e thermal bath is effective before the e± annihilation for
ge  10−9 . (4)
In this region, Z ′ and e± are thermalized together and share the same temperature.
For the production via the neutrino annihilation, it becomes efficient for
Γνν→Z′Z′(T ) ∼ g4νT & H(T ) ∴ T . g4νMPl . (5)
Thus, Z ′ and ν are thermalized by the temperature, T ∼ mZ′ , for
gν  10−6
( mZ′
1 keV
)1/4
. (6)
As we consider mZ′ < 2me, the mediator mainly decays into a pair of neutrinos. The decay rate
at the temperature T & mZ′ is given by
ΓZ′→νν(T ) ∼ 1
24pi
g2νmZ′ ×
mZ′
T
, (7)
where we assume that the mediator couples to one flavor of the three neutrinos. We also treat the
neutrinos massless throughout this paper. The light mediator exhibits the in-equilibrium decay at
the neutrino temperature Tν is of O(mZ′) for
gν  5× 10−12
( mZ′
1 keV
)1/2
. (8)
Note that if gν is between Eqs. (6) and (8), only the inverse decay is effective. In this case, the
neutrino thermal bath may have a non-zero chemical potential due to the number conservation of
Z ′ and ν [21, 22].
When Z ′ thermalization occurs by the neutrino decoupling era, the energy injected into the ν
sector changes the ratio of the neutrino and the photon energy densities, ρν/ργ, from the one in
the standard cosmology. In this case, Neff is changed drastically, which conflicts with the CMB
observations.
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3 Boltzmann equations
We solve the Boltzmann equation of the phase space distribution of Z ′, fZ′ , the energy densities of
the γ-e thermal bath, ργe, the neutrino thermal bath, ρν and the number density of the neutrino
thermal bath, nν . Here, we need to treat ρν and nν independently, since the neutrino thermal bath
obtains a non-vanishing chemical potential from the Z ′ interaction as we will see later. Hereafter, we
assume that γ has the Bose-Einstein distribution, and e± and ν have the Fermi-Dirac distributions,
which gives a good approximation after the neutrino decoupling [21–23]. We treat the three flavor
neutrinos as a fluid with a single temperature/chemical potential to mimic the effect of the neutrino
oscillations as in Refs. [21–23].
The evolution of the momentum distribution for the mediator Z ′ is determined by the Boltzmann
equation,
∂fZ′
∂t
−Hp∂fZ′
∂p
= −C[fZ′ ] , (9)
where H is the Hubble expansion rate and C[fZ′ ] is a sum of collision terms. In this work, we include
the decay, the scattering and the annihilation processes for the calculation of the collision terms.
With the aid of the formalism in Ref. [24], all the Z ′ collision terms are written in the approximated
form
C[fZ′ ] ' G˜Z′↔νν(fZ′ − fBEZ′ (Tν , 2µν)) + (G˜Z′Z′↔ννfZ′ − G˜eqZ′Z′↔νν)
+ G˜e±Z′↔e±γ(fZ′ − fBEZ′ (Tγ, 0)) + G˜γZ′↔e−e+(fZ′ − fBEZ′ (Tγ, 0)) . (10)
Here, fBEZ′ is the Bose-Einstein distribution function for a single degree of freedom of Z
′, µν is a
chemical potential of the neutrino, and Tγ, Tν are the temperatures of the γ-e and the neutrino
thermal bathes, respectively. Each term for the process including neutrinos is written as
G˜Z′↔νν =
mZ′ΓZ′→νν(1 + ϕ(Tν , µν , pZ′))
EZ′
, (11)
G˜Z′Z′↔νν =
1
512pi3
1
|pZ′|EZ′
∫
dE˜Z′ [fZ′(E˜Z′)− (1 + fZ′(E˜Z′))e−(EZ′+E˜Z′ )/Tνe2µν/Tν ]
×
∫
ds
1√
s|pcmsZ′Z′|
∫
dt|M¯Z′Z′↔νν |2 × 12 . (12)
G˜eqZ′Z′↔νν =
1
512pi3
1
|pZ′|EZ′
∫
dE˜Z′ [(1 + fZ′(E˜Z′))e
−(EZ′+E˜Z′ )/Tνe2µν/Tν ]
×
∫
ds
1√
s|pcmsZ′Z′|
∫
dt|M¯Z′Z′↔νν |2 × 12 . (13)
Here, we define
ϕ(Tν , µν , pZ′) =
mZ′Tν
pZ′p0ν
log
(
e(EZ′E
0
ν−µνmZ′ )/(TνmZ′ ) + e−pZ′p
0
ν/(TνmZ′ )
e(EZ′E0ν−µνmZ′ )/(TνmZ′ ) + epZ′p0ν/(TνmZ′ )
)
, (14)
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where p0ν = E
0
ν = mZ′/2 are the momentum and energy of the neutrino at the rest frame of the dark
photon, Z ′. For collision terms of the νν annihilation processes, we use the integrated amplitude∫
ds
1√
s|pcmsZ′Z′|
∫
dt|M¯Z′Z′↔νν |2 = −8
9
g4νm
2
Z′ [(x+ − x−) + 2(f(y+)− f(y−))] , (15)
f(y) =
1
2y2
+
y2
2
+
log(y)
y2
− y2 log(y)− 4 log(y)2 + 4
∫ ∞
y2
dz
log(z)
z2 + 1
,
x± =
(
EZ′
mZ′
+
E˜Z′
mZ′
)2
±
√(
EZ′
mZ′
)2
− 1
√√√√( E˜Z′
mZ′
)2
− 1 ,
y± =
1
2
(√
x± +
√
x± − 4
)
.
For the scattering process with the γ-e thermal bath, we use the same formulae in the appendix of
Ref. [24] with parameters replaced as εg → ge,mγ′ → mZ′ ,
G˜e±Z′↔e±γ =
1
512pi3
Te−EZ′/T
|pZ′ |EZ′fBEZ′ (EZ′)
∫
ds
1√
s|pcmseZ′ |
log
[
1 + e−E
−
e /T
1 + e−E
+
e /T
]∫
dt|M¯e±γ↔e±Z′|2 × 8 ,
(16)
G˜γZ′↔e−e+ =
1
512pi3
Te−EZ′/T
|pZ′ |EZ′fBEZ′ (EZ′)
∫
ds
1√
s|pcmsγZ′ |
log
[
1− e−E+γ /T
1− e−E−γ /T
]∫
dt|M¯e+e−↔γZ′|2 × 8 .
(17)
In the above, we define |M¯|2 as the amplitude squared averaged over spins of all the initial and final
states. Thus, we multiply factors of spin degrees of freedom when we integrate |M¯|2 over phase
space volumes.
We determine the thermal evolution of the SM particles by solving the zeroth and first moment
of the Boltzmann equations,
dnν
dt
= −3Hnν − C(0)e↔ν(Tγ, Tν , µν) + 2C(0)Z′→νeν¯e(Tν , µν) + C
(0)
Z′Z′→νeν¯e(Tν , µν) , (18)
dρν
dt
= −4Hρν − C(1)e↔ν(Tγ, Tν , µν) + C(1)Z′→νeν¯e(Tν , µν) + C
(1)
Z′Z′→νeν¯e(Tν , µν) , (19)
dργe
dt
= −3H(ργe + pγe) + C(1)e↔ν(Tγ, Tν , µν) + C(1)eZ′↔eγ(Tγ) + C(1)γZ′↔e−e+(Tγ) , (20)
where
C(n)process =
∫
gd3p
(2pi)3
(E)nG˜process (21)
is the n-th energy moment of a collision term. Here, nν = nνe + nνµ + nντ and ρν = ρνe + ρνµ + ρντ
are the number and energy density of the neutrinos, and ργe and pγe are the density and pressure
of the γ-e thermal bath, which include thermal corrections [25–27]. According to Ref. [22], we have
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included the effect of spin-statistics and the electron mass in the collision terms between e± and the
neutrinos, C
(0)
e↔ν and C
(1)
e↔ν . The Appendix A describes the detail of these collision terms.
The new interactions in LZ′ also induces a new channel of ν-e scattering via the off-shell Z ′
exchange. As shown in Ref. [2], however, rather small couplings
√
gνge ∼ 3 × 10−7 are preferred
to explain the XENON1T excess. In such a small coupling region, the ν-e scattering mediated by
the off-shell Z ′ is negligible compared to the weak interactions at around the neutrino decoupling
temperature, Tν-dec = O(1) MeV. Thus, we ignore the Z ′ mediated scattering process.
We set the following initial conditions of the Boltzmann equations at Tinit = Tγe = Tν = 20 MeV,
fZ′ = 0 , (22)
ργe = ρ
BE
γ (Tinit) + ρ
FD
e (Tinit) + ρ
QED
γe (Tinit) , (23)
ρν = ρ
FD
ν (Tinit, 0) , (24)
nν = n
FD
ν (Tinit, 0) , (25)
where ρQEDγe is the QED loop correction to the electromagnetic energy density.
4 Neff constraint
Here, we show the results for the freeze-in scenario of Z ′. Fig. 2 shows the contour plots of Neff on
the (ge, gν) plane for mZ′ = 1 eV, 10 eV, 100 eV, 1 keV, 10 keV, and 100 keV. Here, Neff is defined by,
Neff =
8
7
(
11
4
)4/3
ρν + ρZ′
ργ
, (26)
at Tγ = 0.26 eV. In the figure, we show the contours of Neff ≤ 10. In each plot, the red (orange)
shaded region shows the consistent region with the Planck CMB only (joint Planck+BAO) constraint,
Neff = 2.92
+0.36
−0.37 (2.99
+0.34
−0.33) at 95% C.L. [18]. The each blue band is the parameter region favored for
the light vector mediator interpretation of the XENON1T excess [2], i.e.,
√
gegν ∼ 3 × 10−7.1 The
figure shows that Neff in the favored region exceeds Neff = 5 for mZ′ ≥ 1 eV.
It should be noted that the massive mediator becomes long-lived enough to behave like “dark
matter” at the recombination time in the region below the purple dashed lines. In this case, the
above Neff constraint cannot be applied. However, since such a region is far off from the favored
region for the XENON1T excess, our conclusions are not affected.
As we discussed in Sec. 2, the mediator production through e±+γ ↔ e±+Z ′ and e++e− ↔ γ+Z ′
become less effective for ge  10−10. The mediator production through ν+ν ↔ Z ′+Z ′ also becomes
less effective for gν  10−5. On the other hand, the mediator production via the inverse decay
remains effective as long as gν satisfies the inequality in Eq. (8). Let us summarize the expected
value of Neff when Z
′ is thermalized for various parameter regions.
1In Ref. [2], the mediator universally couples to the three flavors of the neutrinos. Since our constraints are on the
mediator coupling to one flavor neutrino, we scale the (gνge)
1/2 in the favored region by a factor ∼ √2.
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Figure 2: The contour plot of Neff on the (ge, gν) plane for a given mediator mass. Here, we assume
that the mediator couples to one flavor of the three neutrinos. The red (orange) shaded regions are
consistent with the Planck CMB only (joint Planck+BAO) constraint, Neff = 2.92
+0.36
−0.37 (2.99
+0.34
−0.33) at
95% C.L. The blue bands are the regions favored by the XENON1T excess. The horizontal purple
lines show the parameter at which the total decay rate of the Z ′ boson is compatible with the Hubble
rate at the CMB era in the standard cosmology.
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Figure 3: Time evolution of the energy densities which show the similar behaviors of the Cases (i-v).
8
(i) Simultaneous thermalization with both e± and ν
For ge  10−8 and gν  10−5, the on-shell productions of the mediator from the γ-e thermal bath
and the neutrino thermal bath are both effective, which delay the neutrino decoupling from the γ-e
thermal bath until T . me. As a result, Tν ' Tγ is kept until Z ′ annihilates away. Then, the
in-equilibrium decay of the mediator before the recombination heats up the neutrino temperature
relative to the photon temperature by a factor of
Tν =
( 7
8
× 2NF + dZ′
7
8
× 2NF
)1/3
Tγ =
(
11
7
)1/3
Tγ , (27)
where NF = 3 is the number of flavors of the neutrinos and dZ′ = 3 is a spin degrees of freedom of
Z ′. Here, we have used the conservation of the entropy per comoving volume in the ν-Z ′ thermal
bath. As a result, the expected Neff for ge  10−8 and gν  10−5 is given by,
Neff ' 3×
(
11
4
)4/3
×
(
11
7
)4/3
' 21 . (28)
The first factor is due to the delay of the neutrino decoupling, i.e. Tν ' Tγ, while the second factor is
due to the in-equilibrium decay of Z ′. In Fig. 3a, we show the time evolution of the energy densities
of ν and Z ′ for ge = 10−7, gν = 10−4 and mZ′ = 100 eV.
For mZ′  1 eV, Z ′ behaves as the dark radiation without heating up the ν temperature. In
such a case, the expected Neff is given by,
Neff '
(
11
4
)4/3(
NF +
1
2
× 8
7
× dZ′
)
' 18 , (29)
where the second term in the last parenthesis denotes the Z ′ energy density.
(ii) Thermalization with e± followed by ν-inverse decay
For ge  10−8 but for gν  10−5 while satisfying the condition in Eq. (8), the mediator remains in
equilibrium with γ-e, even after the neutrino decouples as in the standard cosmology. In this case,
the temperature of the γ-Z ′ thermal bath after the electron annihilation is given by,
Tγ = TZ′ =
( 7
8
× 4 + 2 + dZ′
2 + dZ′
)1/3
Tν =
(
17
10
)1/3
Tν . (30)
After e± have annihilated away, the (inverse) decay of Z ′ into the neutrinos becomes effective. The
(inverse) decay changes the temperature and the chemical potential of ν-Z ′ thermal bath as
ρν(Tν , 0) + ρZ′((17/10)
1/3Tν , 0) = ρν(Tν-Z′ , µν-Z′) + ρZ′(Tν-Z′ , 2µν-Z′) , (31)
nν(Tν , 0) + 2nZ′((17/10)
1/3Tν , 0) = nν(Tν-Z′ , µν-Z′) + 2nZ′(Tν-Z′ , 2µν-Z′) , (32)
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for µν-Z′ < 0. For µν-Z′ → 0, on the other hand, the conditions are given by
ρν(Tν , 0) + ρZ′((17/10)
1/3Tν , 0) = ρν(Tν-Z′ , 0) + ρZ′(Tν-Z′ , 0) , (33)
nν(Tν , 0) + 2nZ′((17/10)
1/3Tν , 0) = nν(Tν-Z′ , 0) + 2nZ′(Tν-Z′ , 0) + 2n
(0)
Z′ . (34)
Here, Tν denotes the neutrino temperature in the absence of the inverse decay of Z
′. The mediator
distribution is approximated by the Bose-Einstein distribution of the massless particle with the tem-
perature T and the chemical potential µ. The first and the second arguments of the energy/number
densities are the temperature and the chemical potential, respectively. The zero momentum con-
tribution to the number density is denoted by n
(0)
Z′ , of which the energy density is neglected in the
massless approximation. The conditions in Eqs. (32) and (34) are due to the conservation of nν+2nZ′
in the (inverse) decay process, which also imposes µZ′ = 2µν . The above conditions lead to
Tν-Z′ ' 1.1Tν , µν-Z′ = 0 , n(0)Z′ ' 0.084T 3ν . (35)
The result in Eq. (35) shows that Z ′ exhibits a dilute Bose-Einstein condensation (BEC). In the
presence of the BEC, the zero momentum contribution should be treated properly in the Boltzmann
equation (see, e.g., Refs. [28, 29]). In our numerical analysis, however, we use the Boltzmann equation
neglecting the zero momentum contribution. Since n
(0)
Z′ is subdominant, our approximation fairly
reproduces the expected Neff discussed below (see also Fig. 3b).
The in-equilibrium decay of Z ′ before the CMB era heats up the neutrino temperature as
sν(Tν-Z′ , 0) + sZ′(Tν-Z′ , 0) = sν(T
′
ν , µ
′
ν) , (36)
nν(Tν-Z′ , 0) + 2nZ′(Tν-Z′ , 0) + 2n
(0)
Z′ = nν(T
′
ν , µ
′
ν) . (37)
The resultant temperature and the chemical potential of ν are given by,
T ′ν ' 0.76Tν , µ′ν ' 1.9Tν , (38)
where Tν is again the neutrino temperature in the absence of the inverse decay nor the decay of Z
′.
As a result, we find2
Neff ' 17 . (39)
In Fig. 3b, we show the time evolution of the energy densities of ν and Z ′ for ge = 10−7, gν = 10−10
and mZ′ = 100 eV.
For mZ′  1 eV, the decay of Z ′ takes place after the recombination, and hence, it contributes
to Neff as dark radiation as in the previous case. The resultant Neff is given by,
Neff ' 12 . (40)
2For dZ′ = 1, for example, we find Neff = 12 for mZ′ ≥ 1 eV and Neff = 11 for mZ′  1 eV.
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(iii) Thermalization with e± followed by out-of-equilibrium decay of Z ′
For ge  10−9 and ΓZ′  H(T ' mZ′), Z ′ exhibits the non-equilibrium decay. In this case, the ν
energy density is more enhanced than that expected from Eqs. (36) and (37), and hence,
Neff > 17 . (41)
In Fig. 3c, we show the time evolution of the energy densities of ν and Z ′ for ge = 10−7, gν = 2×10−13
and mZ′ = 100 eV.
For mZ′  1 eV, Neff is again given by,
Neff ' 12 , (42)
since Z ′ is effectively an massless degree of freedom at the recombination.
(iv) Thermalization with ν before neutrino decoupling
For gν  10−5 and ge  10−9, the production of Z ′ from e± is not significant, while it is in
equilibrium with the neutrino thermal bath. When Z ′ is thermalized with ν before the neutrino
decoupling, the temperature of ν-Z ′ thermal bath is given by
Tν-Z′ '
(
4
11
)1/3
Tγ , (43)
with the vanishing chemical potential after e± annihilates away.
After the in-equilibrium decay of Z ′, the neutrino temperature is enhanced by a factor in Eq. (27),
Tν =
( 7
8
× 2NF + dZ′
7
8
× 2NF
)1/3
Tν-Z′ =
(
11
7
)1/3
Tν-Z′ , (44)
where Tν-Z′ is the temperature without the in-equilibrium decay of Z
′. As a result, we obtain
Neff ' N (SM)eff ×
( 7
8
× 2NF + dZ′
7
8
× 2NF
)4/3
' 5.6 . (45)
In Fig. 3d, we show the time evolution of the energy densities of ν and Z ′ for ge = 10−12, gν = 10−4
and mZ′ = 100 eV.
For mZ′  1 eV, the mediator contributes to Neff as a dark radiation with the temperature in
Eq. (43). As a result, Neff is given by,
Neff ' N (SM)eff ×
( 7
8
× 2NF + dZ′
7
8
× 2NF
)
' 4.8 . (46)
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(v) Thermalization with ν after neutrino decoupling
For ge  10−9 and gν . 10−5, the thermalization with neutrino takes place after the neutrino
decoupling. Although such parameter region is far off from that favored by the XENON1T excess
(see Fig. 2), let us briefly comment on the behavior of Neff in this region.
For gν with which both the ν+ν ↔ Z ′ and ν+ν ↔ Z ′+Z ′ are effective (see Eqs. (6) and (8)), the
chemical potentials of ν and Z ′ vanish. Hence, the energy density of ν and Z ′ after thermalization
is determined by,
ρν(Tν , 0) = ρν(Tν-Z′ , 0) + ρZ′(Tν-Z′ , 0) . (47)
Thus, the temperature of the ν-Z ′ thermal bath is given by,
Tν-Z′ =
( 7
8
× 2NF + dZ′
7
8
× 2NF
)1/4
Tν =
(
7
11
)1/4
Tν . (48)
After the in-equilibrium decay of Z ′, the neutrino temperature is heat up by a factor of (11/7)1/3.
As a result, we find
Neff ' N (SM)eff ×
(
7
11
)
×
(
11
7
)4/3
' 3.5 . (49)
In Fig. 3e, we show the time evolution of the energy densities of ν and Z ′ for ge = 10−12, gν =
2.5× 10−6 and mZ′ = 100 eV.
For gν  10−5 but satisfying the condition in Eq. (8), ν + ν ↔ Z ′ + Z ′ is irrelevant, while
ν+ ν ↔ Z ′ is effective. In this case, the temperature and the chemical potential of the ν-Z ′ thermal
bath are determined by
ρν(Tν , 0) = ρν(Tν-Z′ , µν-Z′) + ρZ′(Tν-Z′ , 2µν-Z′) , (50)
nν(Tν , 0) = nν(Tν-Z′ , µν-Z′) + 2nZ′(Tν-Z′ , 2µν-Z′) . (51)
The resultant temperature and the chemical potential of ν are given by,
Tν-Z′ ' 1.2Tν , µν-Z′ ' −1.2Tν . (52)
Here, Tν is again the neutrino temperature in the absence of the (inverse) decay of Z
′.
Then, the in-equilibrium decay of Z ′ before the recombination heats up the neutrino temperature
as,
sν(Tν-Z′ , µν-Z′) + sZ′(Tν-Z′ , 2µν-Z′) = sν(T
′
ν , µ
′
ν) , (53)
nν(Tν-Z′ , µν-Z′) + 2nZ′(Tν-Z′ , 2µν-Z′) = nν(T
′
ν , µ
′
ν) . (54)
The resultant temperature and the chemical potential of ν are given by,
T ′ν ' 1.1Tν , µ′ν ' −0.31Tν . (55)
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As a result, we find
Neff ' 3.3 , (56)
which is consistent with the joint Planck+BAO constraint on Neff at 95% C.L., while it is excluded
by the CMB only constraint at 95% C.L. In Fig. 3f, we show the time evolution of the energy densities
of ν and Z ′ for ge = 10−12, gν = 10−10 and mZ′ = 100 eV.
For mZ′  1 eV, the mediator Z ′ contributes to Neff as a dark radiation. However, due to the
energy conservation in Eq. (50), the total energy density of the ν + Z ′ is the same with that of ν in
the standard cosmology, and hence,
Neff = N
(SM)
eff . (57)
Thus, for mZ′  1 eV, gν  10−5 and ge  10−9, the mediator is not constrained by the Neff
observation, even if the mediator is thermalized by the inverse decay of the neutrinos.
It should be noted that the cases (i)–(iv) are also constrained by the Big-Bang Nucleosynthesis
(BBN) since the energy density ρν+ρZ′ deviates from ρν in the standard cosmology at Tγ < O(1) MeV
(see e.g., Ref. [30]). In the case (v), on the other hand, the energy density ρν + ρZ′ is the same with
ρν in the standard cosmology for Tν  mZ′ . Thus, the BBN constraints can be evaded for a very
light Z ′.
5 Conclusions
In this paper, we discussed the constraints on the light vector mediator interpretation of the
XENON1T excess from Neff . This interpretation favors the mediator with a mass mZ′ < O(100) keV
and the electron/neutrino coupling (gegν)
1/2 ' 3 × 10−7 [2]. By solving the Boltzmann equation
of the momentum distribution of the mediator, we find that the favored parameter region results
in Neff > 5 for mZ′ ≥ 1 eV, which exceeds the current upper limit on Neff . By combined with the
very conservative constraint from the stellar cooling on the light mediator coupling to the electron
in Ref. [11, 15], we conclude that the light vector mediator interpretation is not valid anymore.
In this paper, we considered the case of the vector mediators. To explain the XENON1T excess,
the scalar mediator models have been also proposed. For those model, we can apply Neff constraint
in a similar manner. However, the thermal history of those cases depends on the detail of the models
such as the presence of the right-handed neutrinos. Although detailed analyses are out of scope of
this work, our results of the thermalized cases (i)-(iv) can be applied straightforwardly by replacing
dZ′ = 3 to dZ′ = 1. In these cases, the mediator couplings favored by the XENON1T excess seem
to be in strong tension with the Neff constraint. For the detail analysis, we will discuss these cases
elsewhere.
13
Acknowledgments
This work is supported by Grant-in-Aid for Scientific Research from the Ministry of Education,
Culture, Sports, Science, and Technology (MEXT), Japan, 17H02878 (M.I. and S.S.), 18H05542
(M.I.), 18K13535, 19H04609 and 20H01895 (S.S.), and by World Premier International Research
Center Initiative (WPI), MEXT, Japan. This work is also supported by the Advanced Leading
Graduate Course for Photon Science (S.K.), the JSPS Research Fellowships for Young Scientists
(S.K.) and International Graduate Program for Excellence in Earth-Space Science (Y.N.).
A Neutrino-Electron Collision Terms
Here, we present the explicit form of the collision terms for neutrino-electron scatterings used in this
work. In the text, we define the collision terms of these processes for the zeroth and first moment
C(j)e↔ν =
∑
i=e,µ,τ
C(j)e↔νi , j = 0, 1 (58)
C(0)e↔νi =
∫
gνid
3pνi
(2pi)3
(Ce+e−↔νiν¯i + Ce±νi↔e±νi + Ce±ν¯i↔e±ν¯i) , (59)
C(1)e↔νi =
∫
gνid
3pνi
(2pi)3
pνi(Ce+e−↔νiν¯i + Ce±νi↔e±νi + Ce±ν¯i↔e±ν¯i) . (60)
Using the results of Appendix A.3 of Ref. [22], these are written in the form of
C(0)e↔ν = 8f
FD
n
G2F
pi5
(3− 4s2W + 24s4W)(T 8γ − T 8ν e
2µν
Tν ) , (61)
C(1)e↔ν =
G2F
pi5
(3− 4s2W + 24s4W)G(Tγ, 0, Tν , µν) , (62)
where GF is the Fermi constant, sW is the sine of the Weinberg angle, and f
FD
n = 0.852. The
function G(T1, µ1, T2, µ2) is given by
G(T1, µ1, T2, µ2) = 32f
FD
a (T
9
1 e
2
µ1
T1 − T 92 e2
µ2
T2 ) + 56fFDs e
µ1
T1 e
µ2
T2 T 41 T
4
2 (T1 − T2) , (63)
where the numerical factors fFDa = 0.884 and f
FD
s = 0.829 represent the Pauli blocking effect from
the Fermi-Dirac distribution in the annihilation and scattering processes, respectively. Note that we
assume that each neutrino flavor has the same temperature and chemical potential.
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